Introduction
The full co-ordinated public health response is detailed in the Public Health Investigation into 1 0 0 the Legionella outbreaks in Sydney CBD (Griffiths et al., 2016) . 1000 spectrophotometer (Nanodrop Technologies, ThermoFisher Scientific) and the ratios 1 1 0 260/280 nm and 260/230 nm inspected for the presence of organic matter and solvent 1 1 1 residues, respectively. DNA purity was determined as satisfactory if the 260/280 ratio fell 1 1 2 between 1.6 and 2.2 and the 260/230 ratio fell between 1.8 and 2.2. Purity of each DNA 1 1 3 sample was also inspected on 1.5% agarose gel. Paired-end indexed libraries of 150 bp in 1 1 4 length were prepared from an input of 1 ng of purified DNA with the Nextera XT library 1 1 5 preparation kit (Illumina, Scoresby, VIC, Australia) as per manufacturer's instructions. DNA 1 1 6 libraries were then sequenced using the NextSeq 500 (Illumina). Genome assembly and analysis. To identify SNPs from whole genome sequencing data, 1 1 8 FASTQ files were imported into Geneious (version 8.0.4) and mapped to a curated reference 1 1 9 of L. pneumophila Philadelphia (accession number NC_002942) using the bwa plugin 1 2 0 6 (version 0.7.10) with bacteriophage, insertion sequences and other repeat regions removed 1 2 1 according to a previous publication (Coil et al., 2008) . Quality based variant detection was 1 2 2 performed using CLC Genomics Workbench v 7.0 (CLC bio Aarhus, Denmark). Variant 1 2 3 detection thresholds were set for a minimum coverage of 10 and minimum variant frequency 1 2 4 of 75%. SNPs were excluded if they were in regions with a minimum fold coverage of <10, 1 2 5 within 10-bp of another SNP or <15-bp from the end of a contig. Maximum likelihood 1 2 6 phylogenetic trees were constructed from SNP matrices using the GTR model with 100 1 2 7 bootstrap replications. with Prokka (Seemann, 2014). Sequence-based typing (SBT) was performed with seven loci 1 3 0 by uploading identified alleles to the database and obtaining loci number (Gaia et al., 2005) . In addition, core genome multi-locus sequence typing (cgMLST) was conducted using the these criteria, the core genome was determined to be 1530 genes with an accessory genome 1 3 5 of 1370 genes. Further pangenome assessment and visualisation was performed using the Roary Four cases were linked in April to Suburb 1. Also in May, five cases were linked to Suburb 2. was cultured from respiratory samples of twelve patients and from fourteen cooling towers. All clinical and environmental isolates collected, together with two control strains and two 1 5 4
Lp1 isolates obtained from epidemiologically unrelated cases were subjected to genome 1 5 5 sequencing ( Table 1 ). All 48 genomes were de novo assembled and their genome size ranged 1 5 6 between 3.2-3.4 Mb with a G+C of 39%. The core genome as determined by the Roary 1 5 7 pipeline, of this dataset consisted of 2181 genes. The accessory genome had 2273 genes out 1 5 8 of a total of 5919 genes (including 99 soft core genes and 1366 shell genes that were not 1 5 9 counted in the core and accessory respectively). outbreak showed two patients, Cases 1 and 3 clustered together (three isolates were recovered with one tower and in the CDB May outbreak, isolates from two cooling towers and three 1 6 7 patients were of the same genetic cluster. All isolates from the main cluster were also typed 1 6 8 as ST211. Isolates from all patients linked to Suburb 2 (Cases 9, 10, 11 and 12) and from one 1 6 9 8 patient linked to each of the CBD (Case 2) and Suburb 1 outbreaks (Cases 4) appeared to be 1 7 0 genomically distinct and not related to the main cluster ( Figure 2 ). The maximum SNP 1 7 1 difference between outbreak isolates was 87 between CBD tower isolates and Suburb 1 1 7 2 clinical isolates. There were 44 SNP differences between Suburb 1 tower isolates and Suburb average difference of 66 SNPs and isolates from the same case had less than 45 SNPs. The 1 7 5 two towers harbouring ST211 strains were approximately 800m apart on different buildings. F-type secretion system (T4ASS) ( Supplementary Table 1 ) and this region had a higher G+C 1 8 6 content of 42% compared to the rest of the genome. Using BLAST this region was found to 1 8 7 have between 99-100% homology to similar conjugative elements in only four other L. unique region is 73-kb with an insertion site adjacent to three tRNA genes (tRNA Arg , 1 9 2 tRNA Lys , tRNA Lys ). Two more small regions were unique to the outbreak cluster and closely 1 9 3 related isolates BE3 and BE4. These regions denoted as Region III contained mainly 1 9 4 hypothetical proteins, acytransferase genes and a calcium transporting ATPase. Our findings indicated that cases amongst four temporally and spatially separate outbreaks of 1 9 8 legionellosis that occurred in quick succession in metropolitan Sydney in 2016 were caused 1 9 9 by a common clone of Lp1 ST211. The geographical distance between sites of potential 2 0 0 exposure was much larger than previously recognised (Knox et al, 2016) and this coupled 2 0 1 with the temporal differences between these outbreaks led to the initial assumption that they This report describes the direct comparison of the resolution power of SNP-based and 2 1 0 core genome combined with a pangenome based analyses in the investigation of Lp1 2 1 1 outbreaks (David, Mentasti, et al., 2016) . Our experience suggested that these three it was first identified in 1989 (Tijet et al., 2010) . In Ontario, ST211 was initially thought to be 2 1 8 contributing to sporadic cases which peaked in 1999, however, further investigation found 2 1 9 that it was responsible for 12.5% of isolates, including eight times in the same hospital. along with other STs, has almost completely replaced the previously dominant Lp1 ST1. There is also a suggestion that ST1 may be the predominant ST in Australia (Graham et al., element carrying a T4ASS and this was present in all outbreak isolates but more significantly 2 3 0 it was also found in closely related environmental isolates and isolates that infected Case 2 at 2 3 1 the same time as the CBD March outbreak. Interestingly, this element had 99% nucleotide 2 3 2 homology to four previously reported clinical strains from the U.S.A. and Europe and an 2 3 3 environmental isolate from Japan, although none of these other isolates are ST211 but are 2 3 4 STs in the top five of outbreak causing clones (David, Rusniok, et al., 2016) . The T4SS of Legionella are part of the dynamic accessory genome, known to 2 3 6 contribute to fitness and virulence and play a crucial role in intracellular replication and including from a recent outbreak in Western Canada, unique in its dry, cold conditions that 2 4 0 were initially thought to be too harsh for survival of L. pneumophila (Knox et al., 2016 potential and fitness of Lp1 ST211 and help to explain its emergence as an outbreak clone. Earlier reports attempted to define outbreak strains from non-outbreak strains and genome 2 5 1 sequencing has identified recombination as a major contributor to Lp1 variability which 2 5 2 occurs across all strains, although some STs appear to have different recombination rates available ST211 genomes that can be used for further outbreak comparisons given the 2 5 5 isolates from Canada were typed using the SBT scheme only and not with WGS. The identification of elements such as the T4SSA described here can alert 2 5 7 investigators to the presence of a L. pneumophila clone with possible superior virulence and 2 5 8 persistence abilities. In addition, given the dependency of L. pneumophila on T4SS for 2 5 9 intracellular survival and replication, these systems offer an potential target for antibacterial Coil, D. a, Vandersmissen, L., Ginevra, C., Jarraud, S., Lammertyn, E., & Anné, J. (2008) . Gaia, V., Fry, N. K., Afshar, B., Lück, P. C., Meugnier, H., Etienne, J., … Harrison, T. G. Wang, Q., Holmes, N., Martinez, E., Howard, P., Hill-Cawthorne, G., & Sintchenko, V. A. Maximum likelihood tree showing outbreak cluster as clade 3. B. Pangenome sorted from core genes on the left to accessory genes to the right. C. Heatmap showing presence (blue) and absence (white) of genomic regions. The T4SS unique to the outbreak cluster (Region II), the outlier (BC9 and BC10 in blue) and related environmental strains (BE3 and BE4 in blue) are indicated by red circles. Region I demonstrates genes that were unique to clade 3 including reference isolates and the outbreak cluster. Region III indicates genes that were unique to the outbreak cluster and related environmental strains BE3 and BE4 only. 
